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The development of transition-metal-catalyzed reactions for
the formation of CF bonds has been an area of intense
research over the past decade.[1–3] Traditionally, the CF
coupling step of these sequences has proven challenging
because of the high kinetic barrier for CF bond-forming
reductive elimination from most transition-metal centers.[1]
Our approach to address this challenge has involved the use
of PdII catalysts in conjunction with F+-based oxidants. Since
2006, a variety of PdII-catalyzed reactions of F+ reagents have
been developed to introduce fluorine at both C(sp2) and
C(sp3) centers.[4–6] These transformations have been proposed
to proceed through CF bond-forming reductive elimination
from transient, highly reactive PdIV alkyl/aryl fluoride inter-
mediates.
A detailed understanding of the high-valent organopalla-
dium species that are involved in the key CF coupling step
has lagged considerably behind the development of catalytic
reactions. In particular, the feasibility of C(sp3)F bond
formation from PdIV complexes (a crucial step in the Pd-
catalyzed fluorination of benzylic/alkyl CH bonds[4c] and the
fluorination of olefins)[5] has not yet been established. Several
recent reports have described detailed investigations of
related C(sp2)F bond-forming reductive elimination from
PdIV aryl fluoride complexes.[7] In addition, both Vigalok[8]
and Gagne[9] and their respective co-workers have demon-
strated that PtII alkyl complexes react stoichiometrically with
F+ reagents to form alkyl fluorides. Both groups proposed
C(sp3)F bond-forming reductive elimination from a high-
valent Pt center as a key step; however, no intermediates were
isolated in either of these transformations. Our goal was to
design a system with which we could access PdIValkyl fluoride
complexes and directly study their reactivity toward CF
bond-forming reductive elimination. We report herein the
first direct observation and study of this important trans-
formation from a Group 10 metal center.[10,11]
We targeted the cyclometalated bipyridine–PdII complex
1[12] as a precursor to stable PdIV alkyl fluoride adducts. The
oxidation of 1 with NFTPT (N-fluoro-2,4,6-trimethylpyridi-
nium triflate)[13] afforded the PdIV complex 2 in 94% yield
(Scheme 1). The triflate ligand of 2 was highly labile and
could be displaced by pyridine or water to generate cationic
products 3 and 4, respectively. An analogue of 3 with a BF4

counterion (3-BF4) was also prepared by oxidation of 1 with
N-fluoro-2,4,6-trimethylpyridinium tetrafluoroborate
(NFTPB) in the presence of pyridine. The PdIV complexes
2–4 were all formed as a single detectable stereoisomer
(established by 1H NMR spectroscopic analysis). Notably,
unlike most other palladium–fluoride complexes,[14] 2–4 are
not sensitive to water. They were routinely synthesized under
ambient conditions and could be stored on the bench top for
several hours (and in a freezer at 35 8C for several weeks)
without noticeable decomposition. The fluoride ligand of 2–4
appears as a sharp doublet at 336.17 ppm (J= 15 Hz) in the
19F NMR spectrum. In all cases, the fluoride is coupled to one
of the a hydrogen atoms of the s alkyl ligand (coupling to the
other a hydrogen atom is not observed, presumably because
of the small magnitude of this second coupling constant). The
sharpness of this 19F NMR signal and the insensitivity of the
complex to adventitious moisture both suggest that there are
no interactions of the fluoride ligand with H2O in solution.
[14]
X-ray quality crystals of 4 were obtained by slow diffusion
of pentane into a solution of 3 in wet acetone at 35 8C. The
crystal structure of 4 shows that the s alkyl group of the
cyclometalated ligand is trans to the labile H2O ligand,
whereas the s aryl and fluoride ligands are trans to the
bipyridine unit (Figure 1).
Scheme 1. Synthesis of PdIV fluoride complexes 2–5. TfO= trifluorome-
thanesulfonate.
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The triflate ligand of 2 could also be readily replaced with
fluoride. For example, the treatment of 1 with NFTPT for
15 minutes followed by the addition of 1.6 equivalents of
NMe4F afforded the difluoride complex 5 in 93% yield
(Scheme 1). The 19F NMR spectrum of 5 shows two distinct
fluorine resonances, a doublet at 201.42 ppm and a doublet
of doublets at 336.73 ppm. Complex 5 could also be
prepared in high yield by the direct reaction of PdIV triflate
complex 2 with 1.6 equivalents of NMe4F.
Difluoride PdIV complex 5 had very different properties
than 2–4. Complex 5 was extremely sensitive to water, and
attempts to synthesize 5 without rigorous exclusion of
moisture resulted in the formation of mixtures of unidentified
products. Given the strong trans influence of the s alkyl
ligand, the trans-fluoride of 5 is likely labile and highly
susceptible to H-bonding interactions with H2O.
We next sought to study the reactivity of these PdIV
fluoride complexes toward CF bond-forming reductive
elimination. There are several potential challenges to con-
sider for these transformations. First, 2–5 all contain both
s aryl and s alkyl ligands; thus, it was not clear whether
selectivity could be achieved in the reductive elimination
processes. Second, C(sp3)heteroatom bond-forming reduc-
tive eliminations from PdIV complexes generally proceed by
outer-sphere mechanisms that involve an SN2-type attack of
a nucleophile on the s alkyl ligand.[15] However, it is well-
known in organic chemistry that fluoride is a poor nucleophile
for SN2 reactions,
[16] thus suggesting that such a pathway might
not be viable in these systems. In addition, the high degree of
b substitution at the C(sp3)Pd bond in 2–5 was expected to
further disfavor SN2-type processes.
We were pleased to find that, despite these potential
challenges, both 3 and 5 underwent clean CF bond-forming
reductive elimination at 80 8C. Heating 3 for 30 minutes at
80 8C produced 6 in 93% yield (Scheme 2a); 3-BF4 showed
similar reactivity and gave 6-BF4 in 58% yield. Similarly, 5
was converted cleanly to 7 upon heating at 80 8C for
15 minutes (Scheme 2b).[17] These are the first examples of
a non-allylic C(sp3)F bond-forming reductive elimination
from a palladium center.[10] Remarkably, the reactions were
both highly selective for C(sp3)F coupling, and the analo-
gous aryl fluorides 6b and 7b were not detected under any
conditions examined. This is a reversal of the “normal”
selectivity of reductive elimination (for example, at PdII and
most other metal centers C(sp2) ligands are typically much
more reactive toward reductive elimination than their non-
allylic C(sp3) analogues).[18] This result highlights an impor-
tant and complementary feature of PdIV-mediated fluorina-
tions[4–6] compared to analogous transformations at PdII
centers.[2]
Stacked 19F NMR spectra for the conversion of 3-BF4 to 6-
BF4 are shown in Figure 2. The disappearance of starting
material proceeded with clean first order kinetics (k= 3.5 
104 s1 at 45 8C), and no intermediates were detected by 19F
NMR spectroscopy. The rate of CF bond-forming reductive
elimination from 3-BF4 slowed dramatically upon the addi-
tion of pyridine. For example, in the absence of added
pyridine, reductive elimination was complete after 30 minutes
at 80 8C.[19] In contrast, under analogous conditions but with
50 equivalents of added pyridine, no reaction was observed. A
quantitative study of kobs versus concentration of pyridine is
shown in Figure 3. An excellent linear fit was observed for
a plot of kobs versus 1/[C5D5N].
On the basis of these studies, we propose that C(sp3)F
bond-forming reductive elimination proceeds by the mecha-
nism shown in Scheme 3. The inverse first-order dependence
on the concentration of pyridine implicates dissociation of the
pyridine ligand prior to the rate-determining step. Following
this dissociation, CF coupling could potentially occur either
Figure 1. ORTEP drawing of complex 4.[27] Thermal ellipsoids are
drawn at 50% probability, and hydrogen atoms are omitted for clarity.
Selected bond lengths []: Pd–F 1.979(5), Pd–C11 2.008(9), Pd–N1
2.015(7), Pd–C18 2.025(9), Pd–N2 2.151(8), Pd–O 2.229(6), C11–C16
1.383(13), C17–C18 1.522(13). Selected bond angles [8]: F-Pd-C11
85.9(3), F-Pd-N1 175.8(3), C11-Pd-N1 98.3(3), F-Pd-C18 89.2(3), F-Pd-
N2 96.1(2), F-Pd-O 90.1(2), C11-Pd-O 100.6(3), N1-Pd-O 89.8(2).
Scheme 2. C(sp3)F bond-forming reductive elimination from 3 and 5.
Figure 2. Stacked 19F NMR spectra of reductive elimination from 3-BF4.
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by direct reductive elimination from 8 (shown in Scheme 3) or
by dissociation of fluoride from 8 to generate a PdIV dication
followed by SN2-type attack of F
 on the s alkyl ligand. While
we cannot definitively distinguish these possibilities at this
time, we favor the direct reductive elimination pathway for
several reasons. First, as discussed above, fluoride is generally
a poor nucleophile for SN2 reactions, and SN2 reactions are
typically slow in systems with high degrees of b substitu-
tion.[16] Second, dissociation of fluoride to generate a 14e
dicationic PdIV species is expected to be unfavorable,
particularly in the relatively non-polar solvent CH2Cl2.
[20]
Third, stereochemical studies have implicated direct C(sp3)
F bond-forming reductive elimination (with retention of
configuration at carbon) at related PtIV and AuIII centers.[9,10]
For example, Gagne demonstrated retention in the CF
coupling reaction shown in Scheme 4, and consequently
proposed a reaction pathway that involves direct reductive
elimination from the transient PtIV intermediate 9.[9]
A final series of studies were conducted to evaluate the
mechanism (Scheme 3) by using DFT calculations. In partic-
ular, we sought to gain insights into the origin of the
preference to form C(sp3)F over C(sp2)F bonds in this
system. The calculations were conducted in Gaussian09[21]
using the M06 functional[22] and CEP-31G basis set[23,24] with
the SMD solvent correction[25] (parameters were selected
based on benchmarks from previous work in our group on
related transformations).[13b] We first compared proposed
intermediate 8 to isomeric complex 8-I (which contains the
C(sp2) of the cyclometalated ligand at the axial position and
the C(sp3) at the equatorial position). The optimized geo-
metries of both complexes are approximately square-pyrami-
dal, and 8 is the lower-energy structure (DH298 lowered by
3.2 kcalmol1).
Transition states for both C(sp3)F and C(sp2)F bond-
forming reductive elimination were optimized from 8 and 8-I.
In both cases, low-energy transition states for C(sp3)F
coupling were found; for example, DH298 from 8 is 15.2 kcal
mol1 (Scheme 5). The C(sp3)F coupling was kinetically
favored for both complexes (DDH298 was 12.7 and 5.8 kcal
mol1 for 8 and 8-I, respectively).[26] These results strongly
suggest that the observed chemoselectivity is not a conse-
quence of the geometry of 8 (which contains the C(sp3) ligand
at the axial position). Instead, they indicate that this
selectivity reflects an inherent preference of this PdIV center.
In conclusion, we have demonstrated the synthesis of
a series of PdIV fluoride complexes, including several (2–4)
that are remarkably insensitive to water. We have also
reported the first example of a C(sp3)F bond formation
from a palladium center. This reaction proceeds with high
selectivity for C(sp3)F bond formation despite the potential
for competing C(sp2)F coupling. Preliminary studies are
consistent with a mechanism that involves direct CF bond
formation rather than SN2-type attack on the Pd
IValkyl bond.
We anticipate that further investigations of this system and
related ones will initiate the development of new PdII/IV-
catalyzed alkane/alkene fluorination processes.
Received: November 7, 2011
Revised: January 23, 2011
Published online: February 28, 2012
.Keywords: chemoselectivity · fluorinated ligands ·
homogeneous catalysis · palladium · redox chemistry
[1] For reviews, see: a) K. M. Engle, T. S. Mei, X. Wang, J. Q. Yu,
Angew. Chem. 2011, 123, 1514 – 1528; Angew. Chem. Int. Ed.
2011, 50, 1478 – 1491; b) T. Furuya, A. S. Kamlet, T. Ritter,
Nature 2011, 473, 470 – 477; c) V. V. Grushin, Acc. Chem. Res.
2010, 43, 160 – 171; d) A. Vigalok, A. W. Kaspi, Top. Organomet.
Chem. 2010, 31, 19 – 38.
[2] For Pd0/II catalysis for C(sp2)F and allylic C(sp3)F bond
formation, see: a) T. J. Maimone, P. J. Milner, T. Kinzel, Y.
Zhang, M. K. Takase, S. N. Buchwald, J. Am. Chem. Soc. 2011,
133, 18106 – 18109; b) M. H. Katcher, A. Sha, A. G. Doyle, J.
Figure 3. Plot of kobs versus 1/[C5D5N] for reductive elimination from
3-BF4 to form 6-BF4 in CD2Cl2 at 45 8C. y= (5.6510
7)x1.39105 ;
R2=0.979.
Scheme 3. Proposed reaction pathway for complex 3.
Scheme 4. C(sp3)F bond formation proceeds with retention of stereo-
chemistry from putative PtIV intermediates (triphos=bis(2-diphenyl-
phosphinoethyl)phenylphosphine).
Scheme 5. Calculated energies for C(sp3)F versus C(sp2)F bond-
forming reductive elimination from 8 (ts= transition state).
.Angewandte
Communications
3416 www.angewandte.org  2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 3414 –3417
Am. Chem. Soc. 2011, 133, 15902 – 15905; c) T. Nol, T. J.
Maimone, S. L. Buchwald, Angew. Chem. 2011, 123, 9062 –
9065; Angew. Chem. Int. Ed. 2011, 50, 8900 – 8903; d) C.
Hollingworth, A. Hazari, M. N. Hopkinson, M. Tredwell, E.
Benedetto, M. Huiban, A. D. Gee, J. M. Brown, V. Gouverneur,
Angew. Chem. 2011, 123, 2661 – 2665; Angew. Chem. Int. Ed.
2011, 50, 2613 – 2617; e) M. H. Katcher, A. G. Doyle, J. Am.
Chem. Soc. 2010, 132, 17402 – 17404; f) D. A. Watson, M. Su, G.
Teverovskiy, Y. Zhang, J. Garcia-Fortanet, T. Kinzel, S. L.
Buchwald, Science 2009, 325, 1661 – 1664.
[3] For other recent examples of metal-catalyzed fluorination
reactions, see: a) T. Xu, X. Mu, H. Peng, G. Liu, Angew.
Chem. 2011, 123, 8326 – 8329; Angew. Chem. Int. Ed. 2011, 50,
8176 – 8179; b) P. Tang, T. Furuya, T. Ritter, J. Am. Chem. Soc.
2010, 132, 12150 – 12154; c) J. A. Kalow, A. G. Doyle, J. Am.
Chem. Soc. 2010, 132, 3268 – 3269; d) for a review on Au-
catalyzed fluorination reactions, see: M. N. Hopkinson, A. G.
Gee, V. Gouverneur, Isr. J. Chem. 2010, 50, 675 – 690.
[4] For Pd-catalyzed CH fluorination with F+ reagents, see:
a) K. S. L. Chan, M. Wasa, X. Wang, J. Q. Yu, Angew. Chem.
2011, 123, 9247 – 9250; Angew. Chem. Int. Ed. 2011, 50, 9081 –
9084; b) X. Wang, T. S. Mei, J. Q. Yu, J. Am. Chem. Soc. 2009,
131, 7520 – 7521; c) K. L. Hull, W. Q. Anani, M. S. Sanford, J.
Am. Chem. Soc. 2006, 128, 7134 – 7135.
[5] For Pd-catalyzed olefin aminofluorination with F+ reagents, see:
T. Wu, G. Yin, G. Liu, J. Am. Chem. Soc. 2009, 131, 16354 –
16355.
[6] For stoichiometric arylF coupling from PdII/F+, see: T. Furuya,
T. Ritter, Angew. Chem. 2008, 120, 6082 – 6085; Angew. Chem.
Int. Ed. 2008, 47, 5993 – 5996.
[7] a) T. Furuya, D. Benitez, E. Tkatchouk, A. E. Strom, P. Tang,
W. A. Goddard III, T. Ritter, J. Am. Chem. Soc. 2010, 132, 3793 –
3807; b) N. D. Ball, M. S. Sanford, J. Am. Chem. Soc. 2009, 131,
3796 – 3797.
[8] A. W. Kaspi, I. Goldberg, A. Vigalok, J. Am. Chem. Soc. 2010,
132, 10626 – 10627.
[9] S. B. Zhao, J. J. Becker, M. R. Gagne, Organometallics 2011, 30,
3926 – 3929.
[10] For a recent example of C(sp3)F bond-forming reductive
elimination from in situ generated AuIII complexes, see: N. P.
Mankad, F. D. Toste, Chem. Sci. 2012, 3, 72 – 76.
[11] For the microscopic reverse oxidative addition of C(sp3)F
bonds, see: J. Choi, D. Y. Wang, S. Kundu, Y. Choliy, T. J. Emge,
K. Krough-Jespersen, A. S. Goldman, Science 2011, 332, 1545 –
1548.
[12] J. Cmpora, J. A. Lpez, P. Palma, D. del Rio, E. Carmona, P.
Valerga, C. Graiff, A. Tiripicchio, Inorg. Chem. 2001, 40, 4116 –
4126.
[13] For use of NFTPT to access high oxidation state Pd complexes,
see: a) J. M. Racowski, N. D. Ball, M. S. Sanford, J. Am. Chem.
Soc. 2011, 133, 18022 – 18025; b) N. D. Ball, J. B. Gary, Y. Ye,
M. S. Sanford, J. Am. Chem. Soc. 2011, 133, 7577 – 7584.
[14] V. V. Grushin, Chem. Eur. J. 2002, 8, 1006 – 1014.
[15] a) P. Sehnal, R. J. K. Taylor, I. J. S. Fairlamb, Chem. Rev. 2010,
110, 824 – 889; b) J. M. Racowski, M. S. Sanford, Top. Organo-
met. Chem. 2010, 53, 63 – 84.
[16] a) D. W. Kim, C. E. Song, D. Y. Chi, J. Org. Chem. 2003, 68,
4281 – 4285; b) J. A. Wilkinson, Chem. Rev. 1992, 92, 505 – 519.
[17] Thermolysis of complexes 2 and 4 gave complex and intractable
mixtures of products. We hypothesize that this result may be due
to decomposition of the initially formed reductive elimination
products (analogues of 6 and 7), because these PdII species would
contain highly labile H2O and/or OTf ligands.
[18] a) J. F. Hartwig,Organotransition Metal Chemistry: From Bond-
ing to Catalysis, University Science Books, Sausalito, 2010,
pp. 332 – 333; b) A. J. Canty, Dalton Trans. 2009, 10409 – 10417;
c) J. F. Hartwig, Nature 2008, 455, 314 – 322; d) A. J. Canty, Acc.
Chem. Res. 1992, 25, 83 – 90.
[19] Reductive elimination from 5 is inhibited by added NMe4F. For
example, k was 5.75 104 s1 without added NMe4F and 3.26 
104 s1 in the presence of 2.4 equivalents of NMe4F. This result
is consistent with reductive elimination from 5 proceeding by an
analogous pathway to that proposed for 3.
[20] a) R. H. Crabtree, The Organometallic Chemistry of Transition
Metals, Wiley, Hoboken, NJ, 2005 ; b) P. R. Mitchell, P. V. Parish,
J. Chem. Educ. 1969, 46, 811 – 814.
[21] M. J. Frisch, et al. Gaussian 09, Gaussian Inc.: Wallingford, CT,
2009 (see the Supporting Information for the complete refer-
ence).
[22] Y. Zhao, D. G. Truhlar, Theor. Chem. Acc. 2008, 120, 215 – 241.
[23] W. J. Stevens, H. Basch, M. Krauss, J. Chem. Phys. 1984, 81,
6026 – 6033.
[24] W. J. Stevens, M. Krauss, H. Basch, P. G. Jasien, Can. J. Chem.
1992, 70, 612 – 630.
[25] A. V. Marenich, C. J. Cramer, D. G. Truhlar, J. Phys. Chem. B
2009, 113, 6378 – 6396.
[26] We were unable to optimize a unique transition state corre-
sponding to C(sp3)F coupling from 8-I. All attempts resulted in
the same transition state structure found for 8.
[27] CCDC 852596 (4) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif.
Angewandte
Chemie
3417Angew. Chem. Int. Ed. 2012, 51, 3414 –3417  2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org
